In the past decade, significant advances have been made in the design and optimization of novel biomaterials and microfabrication techniques to generate vascularized tissues. Novel microfluidic systems have facilitated the development and optimization of in vitro models for exploring the complex pathophysiological phenomena that occur inside a microvascular environment. To date, most of these models have focused on engineering of increasingly complex systems, rather than analyzing the molecular and cellular mechanisms that drive microvascular network morphogenesis and remodeling. In fact, mutual interactions among endothelial cells (ECs), supporting mural cells and organ-specific cells, as well as between ECs and the extracellular matrix, are key driving forces for vascularization. This review focuses on the integration of materials science, microengineering and vascular biology for the development of in vitro microvascular systems.
Introduction
The generation of vascularized tissue constructs to mimic the structure and function of native tissues is still in the early stages of development. Inadequate mass transport has often impaired the development of densely populated and metabolically functional tissues by leading to the formation of necrotic cores (Radisic et al., 2004) . Simple microvascular systems have failed to deliver sufficient oxygen and nutrients to complex tissues (Asakawa et al., 2010 , Jain et al., 2005 , Melero-Martin et al., 2008 . Consequently, the slow growth of the host vessels often failed to maintain the viability of the implanted tissue constructs and failed to facilitate integration of the implants into the host tissues. Ausprunk et al. reported the average speed of sprouting invasion was in the range of 0.25 to 0.5 mm/day (Ausprunk and Folkman, 1977) , which implied considerable time is required for vessel ingrowth, colonization of the implanted tissue construct and anastomosis with the host vasculature.
Therefore, the development of functional and perfusable microvascular networks is crucial for generating thick tissue constructs with physiologically relevant cell densities and improving the survival rate and function of implanted, tissue-engineered constructs (Miller et al., 2012) . Furthermore, the presence of a vascular compartment plays a key role in the design, usability and optimization of advanced in vitro models that mimic complex biological phenomena involving functional and perfusable microvascular networks .
Over the last decade, significant advancements were made both in the field of microfabrication and materials science, which led to the design of vascularized tissues with properties that could be adjusted according to their specific application . Vasculogenesis and angiogenesis-based techniques replicated physiological processes occurring during typical vascular growth, development and remodeling through better replication of 3D microvascular structures, and these techniques have led to the generation of highly branched and interconnected microvascular networks . In contrast, bioartificial networks can be developed by assembling simple building blocks (e.g., monolayers of ECs) or directly bioprinting cell-laden structures with precise shapes and dimensions (Huang et al., 2011 , Khademhosseini and Langer, 2007 , Malda et al., 2013 . Current strategies employed for the generation of vascularized tissue constructs rely on multi-material combinations with tunable physicochemical properties (Nichol et al., 2010) . Naturally derived biomaterials, such as collagen and its derivative gelatin, as well as fibrin, elastin, chitosan, alginate, and hyaluronic acid, are appealing for biological applications due to their high biocompatibility as well as their cell signaling and cell-interactive properties, whereas synthetic biomaterials, such as poly(ethylene glycol) (PEG), poly(glycerol sebacate) (PGS), poly(vinyl alcohol) (PVA), have been extensively studied as promising alternatives due to their generally superior mechanical properties and higher control of biodegradation (Annabi et al., 2014 , Gaharwar et al., 2014 , Thiele et al., 2014 . In addition, new classes of hybrid hydrogels based on the optimal properties of both synthetic and natural biomaterials have been developed, such as collagen-PEG composites or elastin-based hydrogels with embedded PEG sequences (Jia and Kiick, 2009, Kopecek and .
The combination of novel hydrogels, fabrication techniques and microfluidic technologies has the potential to overcome some of the technical limitations of traditional in vitro models, such as the Boyden chamber or the scratch-wound assay (Simpson et al., 2008) . Microfluidic systems are characterized by their ability to biochemically and biophysically control the local microenvironment to investigate the complicated interactions between diverse types of cells and signal molecules within their neighboring microenvironment while significantly reducing the costs of reagents and cells (Selimovic et al., 2013 , Shin et al., 2012 . Microvascular systems were employed to develop organ-on-a-chip platforms (Huh et al., 2010 , Jusoh et al., 2015 , Lee et al., 2007 , Shin et al., 2014 , Ye et al., 2013 , study cancer cell dissemination through intra-and extravasation (Bersini et al., 2014a , Bersini et al., 2014b , Song et al., 2009 , assess toxicity and screen for efficacy during drug development (Kim et al., 2014 , Zhang, Peticone, 2013 , develop vascular disease models (Tsai et al., 2012) and analyze mass transfer and diffusion phenomena within tissue constructs (Baker et al., 2013 , Mu et al., 2013 .
Despite major advances for various models (Cuchiara et al., 2012 , Yeon et al., 2012 , there are still challenges in optimizing materials and facilitating accurate microfabrication techniques for creating complex systems. These models often suffer from the lack of a detailed analysis of the biomolecular kinetics and cellular dynamics underlying vascularization, such as the interaction between endothelial cells and 3D matrices, or the biochemical/biophysical stimuli promoting vascular network remodeling. In particular, while EC contact and paracrine secretion influence the phenotype of interacting stromal cells, e.g., mesenchymal stem cells (MSCs) promoting differentiation into mural-like cells (Goerke et al., 2012) , different stromal cell types, such as pericyte subpopulations, contribute to the stabilization of the microvascular network (Armulik et al., 2005 , Armulik et al., 2011 , Au et al., 2008 . In fact, both biochemical and biophysical cues affect microvascular network development, such as EC migration and capillary sprouting (Carmeliet and Jain, 2011 , Chien et al., 1998 , Risau, 1997 . Understanding the possibilities offered by current designs and microfabrication strategies would allow us to exploit the advantages offered by these models to effectively analyze cell-cell and cell-matrix interactions.
Scope and originality of the review
The generation of vascularized tissues requires an interdisciplinary approach combining materials science, biology and microfabrication. Several literature reviews have largely focused on identifying critical aspects for successful development of vascularized models. Many of them were found to be mainly focused on the fundamental principles of engineering, microfabrication techniques (Auger et al., 2013) and microfluidic technologies (Inamdar and Borenstein, 2011, Wong et al., 2012) , while other reviews highlighted the pivotal role of cell sources (Baldwin et al., 2014) , scaffolds and pro-angiogenic factors , Kaully et al., 2009 , Palumbo et al., 2014 , Park and Gerecht, 2014 with low emphasis on microfabrication strategies. This review attempts to critically summarize and connect engineering principles and biological considerations as well as highlight how design of the system architecture and selection of the most suitable microfabrication technique are the first steps for analyzing biological phenomena occurring in a specific environment. Additionally, the endothelium is a dynamic tissue with properties modulated by a complex network of biological stimuli coming from the surrounding organ-specific microenvironment that affect both the physical structure of the endothelium and endothelial gene expression. Understanding how biochemical, biophysical and biomechanical cues contribute to the development and stabilization of vascular networks would help researchers to identify the most suitable system architecture and foster the development of new approaches, as well as future breakthroughs in the field. papers are recommended for detailed analyses of cell sources and biochemical modification of scaffolds (Bae, Puranik, 2012 , Baldwin, Antille, 2014 .
2.1.Microfabrication
Microfabrication techniques can be classified into different categories. The most common classification of microfabrication methods differentiates between vasculogenesis/ angiogenesis-based techniques and the design of bioartificial microvascular networks through bioprinting, light-based microfabrication, micromolding and modular assembly (Fig. 1) . Microvascular networks can be generated within 3D macroscale hydrogels or embedded within microfluidic devices, which are generally made of poly(dimethyl-siloxane) (PDMS).
2.1.1. Self-assembly through vasculogenesis/angiogenesis-based techniques -Vasculogenesis/angiogenesis-based approaches rely on naturally occurring processes within the body. Vasculogenesis refers to the initial formation of a vascular plexus during embryo development in which endothelial precursor cells organize themselves in vascular islands that gradually fuse together and differentiate into mature ECs. Next, ECs migrate and begin developing into endothelial tubes, which constitute the basic units for generating a complete vascular system. Finally, pericytes, smooth muscle cells and other mural-like cells are recruited by nascent vessels to promote stabilization and maturation into larger arteries and veins (Jain, 2003) . Remarkably, vasculogenesis can also occur within adult tissues as a result of severe damage or tumor development. Whereas vasculogenesis is defined as de novo morphogenesis of a vascular plexus, angiogenesis comprises two different mechanisms: endothelial sprouting and intussusceptive microvascular growth (which is remodeling of existing vascular networks by forming a new vessel from an existing one). This process can be driven by growth factors, e.g., vascular endothelial growth factor (VEGF) gradients, hypoxic conditions, the presence of tumors or transendothelial flow (Carmeliet and Jain, 2011) . Vasculogenesis/angiogenesis-based approaches were successfully employed within macroscale hydrogels and microfluidic devices (Chen, Lin, 2012 , Jeon, Bersini, 2014 , Song et al., 2012 . For example, microfluidic models exploited paracrine and juxtacrine signaling between ECs and MSCs (Jeon, Bersini, 2014) or ECs and fibroblasts to generate vascular networks ( Fig. 2A and 2C) , Moya et al., 2013 , Whisler et al., 2013 , Yeon, Ryu, 2012 . EC+MSC co-cultures were employed to vascularize cell spheroids for therapeutic neovascularization (Fig. 2B) . Other studies embedded EC coated microcarrier beads within 3D fibrin gels (Fig. 2D) (Carrion et al., 2013 , Ghajar et al., 2008 to demonstrate that cellular bodies with homogeneously dispersed cells or tissue constructs characterized by a core of MSCs and an external shell of ECs could be generated. Finally, "cell sheet tissue engineering" represents a peculiar type of self-assembly technique based on layer-by-layer stacking of intact cell monolayers with embedded ECs, which then organize into microvascular networks (Sekine et al., 2013 , Shimizu et al., 2003 (Tanaka et al., 2014) . the angiogenic steps that occur under physiological and/or pathological conditions as well as the morphogenesis of in vivo microvasculature. These steps include intracellular vacuole generation and fusion, development of complete lumens, branching and pruning, and recruitment of supportive mural cells. For this reason, other techniques (including bioprinting and micromolding) are often employed to quickly develop perfusable microvascular networks, which have simplified structures compared to vasculogenesis/ angiogenesis approaches. Overall, vasculogenesis/angiogenesis-based methods appear to be the optimal strategy for analyzing vascular cell-matrix interactions, both during network development and homeostasis.
2.1.2. Bioprinting-Bioprinting has been employed by several research groups to develop vascularized tissue constructs or build whole organ-like structures. It is defined as the process of patterning cell suspensions embedded within a biocompatible material, such as hydrogels, i.e., bio-ink, with a hierarchically defined 3D spatial organization (Auger, Gibot, 2013) . Two different bioprinting methods can be applied: direct contact and contactless bioprinting. The first approach implies a direct contact between the substrate and the bio-ink dispenser (Jakab et al., 2004 , Norotte et al., 2009 , Smith et al., 2004 . Wu et al. developed 3D vascular networks through omnidirectional printing (Fig. 3A) . First, these researchers printed fugitive ink filaments within a photocrosslinkable gel and filled the voids left by the nozzle translation with photocrosslinked gel and fluid filler. Finally, they liquefied and removed the fugitive ink by applying a low vacuum . Contactless bioprinting is based on the transfer of bio-inks in the form of bio-droplets onto a substrate without any contact with the dispenser (Phillippi et al., 2008 , Xu et al., 2005 . Cui et al. used fibrin and ECs to print 3D scaffolds through the use of modified inkjet printers and demonstrated the ability to generate aligned tubular structures (Cui and Boland, 2009 ). Finally, a unique type of bioprinting can be achieved with the digital mask or maskless projection printing, which employs digital micro-mirror devices to photopolymerize a prehydrogel solution (Fozdar et al., 2011) .
Miller et al. developed optically transparent and mechanically stable sucrose-glucosedextran carbohydrate glasses as sacrificial templates to generate 3D complex microchannel networks within matrices made of PEG, agarose, fibrin or other materials. Glass fibers reinforced by incorporating dextrans were drawn with a 3D printer to create glass lattices with complex, multiscale architectures (Miller, Stevens, 2012) . Microchannels within bulk hydrogels were also developed through bioprinted agarose fiber templates embedded within photocrosslinkable systems (Bertassoni, Cecconi, 2014) . Agarose fibers could be easily removed by applying low vacuum because dissolution of their network template could generate cytotoxic by-products, which can alter the matrix composition or cause osmolarity damage in the cells. This approach was made possible through low adhesion between the template and surrounding gel (gelatin methacryloyl (GelMA), PEG diacrylate, PEG dimethacrylate, star poly(ethylene glycol-co-lactide) acrylate) (Fig. 3C) . Recently, 1-cmthick vascularized bone tissue constructs containing perfusable endothelialized channels were successfully bioprinted and maintained in culture for up to 6 weeks, which raised the barin the field of vascular bioprinting (Kolesky et al., 2016) .
Advantages and drawbacks:
Although the term "bioprinting" is defined as depositing cells, ECM and other biologically relevant materials in defined patterns to build tissue constructs de novo, the broadest definition of bioprinting includes studies that employed techniques to print acellular sacrificial templates made of fugitive inks or microfibers (Bertassoni, Cecconi, 2014 , Wu, DeConinck, 2011 . The use of microfibers represents a reliable alternative compared to dissolving sacrificial templates to easily generate hollow microvascular channel networks within a bulk matrix. However, for complex and highly branched structures, several limitations remain unless a modular approach can be employed to combine simple building blocks. Currently, bioprinting has a lower resolution compared to microfluidic techniques such as micromolding or photolithography. Nonetheless, bioprinting requires high initial costs to purchase necessary equipment and train operators to properly set and optimize the technical parameters. Additionally, the high speed of cell deposition during ejection and/or impact of fluid drops with the substrate can lead to cell damage and low cell survival.
2.1.3. Light-based microfabrication-Light-based techniques include the well-known approaches photolithography (Nichol, Koshy, 2010) and two-photon laser lithography . Photolithography is based on pre-polymer solutions, which are exposed to UV light through custom-built photomasks. Upon exposure to UV light, these prepolymers undergo crosslinking while the unexposed area can be easily washed away. This technique is based on the reaction between a photoinitiator and a photosensitive prepolymer solution, which generally contains acrylate or methacrylate groups (Nikkhah et al., 2012) . Two-photon laser lithography was successfully employed by Culver and co-authors (Culver, Hoffmann, 2012 ) using a confocal microscopy to capture 3D images of the vasculature of native tissues such as the retina, cerebral cortex and heart. Based on a collection of cross-sections of the vasculature segments, they micropatterned a photocrosslinkable PEG hydrogel to form blood vessel-like structures for organized vasculatures using physical cues to guide and align embedded ECs into in vivo-like structures ( Fig. 3D) (Culver, Hoffmann, 2012) .
Light-based microfabrication has great promise due to the ability to reproduce complex microvasculature with high fidelity. The main limitation is that it requires expensive two photon laser microscopy or photolithography facilities, which are not common in biological laboratories. Another drawback is that the learning curve to design custom-built photomasks and use these technologies could be steep for a beginning user.
2.1.4. Micromolding-Micromolding can be considered as a basic method to develop micropatterned hydrogel slabs for layer-by-layer assembly or to prepare PDMS features within microfluidic devices. It relies on a master mold, which is often created on a silicon wafer or other mounting supports, that is used to prepare a transfer mold by casting and curing a polymer solution. Finally, the transfer mold can be bonded to a flat substrate or used to print a micropattern onto a hydrogel (Price et al., 2008 , Shin, Han, 2012 ) with a resolution limit based on nanometer-scale electron beam-induced deposition (Rogers and Nuzzo, 2005 ).
Golden and Tien encapsulated micromolded gelatin within a second hydrogel, such as collagen type I or fibrin gel (Golden and Tien, 2007) . The gelatin was used as a template channel, and it was then removed by heating and flushing it away to generate a microchannel network within a bulk matrix. Interestingly, these researchers demonstrated the possibility to create multiplanar networks by stacking several hydrogel layers and embedded fibroblasts within abulk gel or microvascular ECs on the inner surface of the microchannel network (Golden and Tien, 2007) . More recently, another study had similar results that were obtained using sodium alginate to generate mono or multilayered structures of endothelialized microchannels. This method was employed to develop networks of different sizes and shapes, and it demonstrated the adaptive responses of seeded ECs to different levels of shear stress (Wang, Jin, 2014) .
In a different study, instead of generating sacrificial hydrogel or glass templates, an interesting micromolding approach was proposed combining self-assembled monolayer (SAM)-based EC deposition and photocrosslinking to rapidly engineer micrometric tubular structures within a matrix (Inaba et al., 2009 ). The researchers chemically adsorbed a thiolbased oligopeptide sequence on gold rods and seeded ECs on the rod surface. The endothelialized gold rod was then embedded in a photocrosslinked GelMA hydrogel, and the endothelial monolayer was transferred from the rod onto the gel by electrochemical cleavage of the oligopeptide. Subsequently, the rod was removed and the macroscale hydrogel was connected to a syringe pump to facilitate a steady flow (Sadr et al., 2011 ). An interesting application of this technique involves transferring double layers of cells, such as an inner layer of ECs and an outer layer of perivascular cells, thus creating a relevant model for the study of EC-mural cell interactions. An alternative strategy to using sacrificial templates or disposable polymeric fibers is using syringe needles. The cell-laden hydrogel is polymerized around the needle, which is subsequently removed to leave perfusable microchannels that can be endothelialized to generate vascularized tissue constructs (Nichol, Koshy, 2010) . These systems were successfully employed to analyze leukocyte adhesion (Chrobak et al., 2006) and tumor cell-EC interactions under flow conditions (Buchanan et al., 2014 4A ). Cells self-assembled in a few hours and contracted the encasing collagen gel significantly. The cords were subsequently removed from the PDMS mold, embedded within a fibrin gel and implanted within the peritoneal cavity of nude mice . Similar to this approach, Leong et al. developed the interfacial polyelectrolyte complexation (IPC) fiber assembly technique to create aligned vessels within multicellular tissue constructs (Fig. 4B ). Polyionic droplets containing cells were placed on a substrate and IPC fibers were drawn in parallel and fused by rotating the template around a single point. The resulting secondary structures were based on a central fiber that was surrounded by external fibers with different embedded cell types (Leong et al., 2013 , Wan et al., 2004 . This system has promising applications for the study of vascular cell interactions and potentially can be used to analyze the effect of different matrices in microvessel generation. Finally, there is a micromolding technique that is based on the stacking and bonding of two adjacent layers. A network of channels was obtained by joining the two layers by applying pressure within a cage or by chemical sealing. Micropatterned calcium alginate hydrogels containing living cells were separately micromolded and then bonded together to create a microfluidic scaffold for controlling temporospatial distribution of biomolecules (Choi et al., 2007) . Mu et al. reported an additional example of layer-by-layer microfabrication in which they combined fibrillogenesis and liquid molding to generate 3D microvascular networks within a collagen/alginate gel (Fig. 4C ). Compared to conventional techniques employed to bond hydrogel layers, such as heating, ions and chaotropes (Cabodi et al., 2005 , Ling et al., 2007 , Price, Chu, 2008 , they harnessed the assembly of collagen molecules into insoluble fibers (i.e., fibrillogenesis), at the interface between a gelled and a liquid hydrogel to tightly bond the two hydrogel layers. In addition, water was employed as a liquid mold to maintain the geometry of the gelled hydrogel layer until the hydrogel solution was fully polymerized (Mu, Zheng, 2013) .
Micromolding is the simplest and most widely used strategy to create vessels with a predefined size and shape due to the lower costs compared to light-based or bioprinting techniques. Nevertheless, it does not result in the generation of physiological-like and hierarchycal microvascular networks unless an hybrid approach combining micromolding and vasculogenesis/angiogenesis can be used, as recently demonstrated by Arrigoni et al. (Arrigoni et al., 2016) .
Modular assembly-An interesting approach to develop vascularized tissue
constructs is the modular assembly of small basic units to create complex systems. For example, sub-millimeter-sized collagen cylindrical building blocks were covered with a monolayer of ECs, assembled within larger tubes and perfused with media or blood to form interconnected channels in the interstitial spaces between the building blocks (McGuigan and Sefton, 2006) . Alternatively, cells can be embedded within shape-controlled microgels for developing multicomponent constructs (Du et al., 2008) .
Advantages and drawbacks:
Modular assembly is a simple and effective approach to creating complex networks of endothelialized channels within the interstitial space of selfassembled building blocks. This technique could be significantly improved if the building blocks were filled with EC. In fact, the combination of vasculogenesis/angiogenesis and modular assembly would allow researchers to generate main channels in the interstitial space among building blocks, and these channels have been shown to rapidly anastomose with self-assembled microvascular networks within the hydrogel. The main disadvantage of this approach is that ECs generate an endothelium that does not completely cover the interstitial space and forms a leaky vascular network.
Biomaterials
Collagen or Matrigel® hydrogels, due to their unique biocompatibility and range of constituents, provide suitable microenvironments for tissue growth and are widely used in the field (Goerke, Plaha, 2012 , Lee et al., 2009b . However, these gels are characterized by limited mechanical stability and suboptimal durability, which generally compromise in vivo implantation (Annabi et al., 2013) . Antoine et al. provided a detailed discussion on fabrication and characterization of collagen type I hydrogels (Antoine et al., 2014) . Collagen gels alone or in combination with other materials, such as fibrin gels, were successfully employed within microfluidic devices to generate microvascularized in vitro models (Jeon, Bersini, 2014 . In addition, collagen and fibrin gels were used to load cells within porous poly(D,L-lactic-co-glyclic acid) (PLGA) scaffolds and obtain vascularized 3D constructs with superior mechanical properties compared to conventional hydrogels but the quality of the microvascular network was lower (Zhao et al., 2014) . Compared to natural polymers, synthetic hydrogels, such as PEG, have superior mechanical properties that are counterbalanced by limited cellular adhesion and low degradation rate, which impair cell organization and movement within the gel (Zhu, 2010) . Interestingly, arginine-glycineaspartic acid (RGD) sequences and matrix metalloprotease (MMP)-sensitive degradation motifs can significantly improve cell adhesion and spreading as well as remodeling of the synthetic hydrogel matrix (Benton et al., 2009 , Cuchiara, Gould, 2012 . A promising alternative is gelatin, which is obtained from thermal denaturation of collagen. Additionally, the poor mechanical properties of its original form can be easily adjusted by adding methacryloyl groups to the reactive side groups of the polymer and making it suitable for photopolymerization under exposure to UV light (Nichol, Koshy, 2010) . Nichol et al. seeded ECs on substrates with adjustable mechanical properties that were created with various gelatin concentrations and methacryloyl modification. These substrates generated compressive modulus values up to 30 kPa in the presence of 15% w/v GelMA and an 80% methacryloyl modification with significantly lower cell viability within the 3D constructs compared to lower GelMA concentrations (Nichol, Koshy, 2010) . The same material composition was then employed by Chen et al. to develop functional microvascular networks stabilized by supporting perivascular cells (Chen, Lin, 2012) . Overall, GelMA hydrogels showed significantly higher mechanical properties compared to pure collagen (2 mg/ml, 0.1 kPa) or fibroin microfiber hydrogels (0.2 kPa) (de Moraes et al., 2012) . Another promising photocrosslinkable material, methacryloyl-modified tropoelastin (MeTro), was recently developed by Annabi et al. for micropatterning. They tested different concentrations of the polymer from 5% to 15% w/v and demonstrated superior cell adhesion compared to GelMA and a considerably increase in mechanical properties, such as extensibility up to 400% and an elastic modulus in the range of 2.8 to 14.8 kPa (Annabi, Tsang, 2013) . Similarly, other groups developed synthetic elastin by mixing recombinant tropoelastin and bis(sulfosuccinimidyl) suberate to obtain a Young's modulus value of up to 280 kPa and extensibility up to 370% (Mithieux et al., 2004) . In addition, Hanjaya-Putra et al. have modified 5% w/v hyaluronic acid, which is known to promote angiogenesis (Hanjaya-Putra et al., 2011) , by adding methacrylate groups and used it to encapsulate cells within hydrogel and create cell docking templates for cell microarrays (Khademhosseini et al., 2006) . Chitosan/β-glycerophosphate hydrogels were employed to deliver MSCs within decellularized arterial scaffolds (Sheridan et al., 2014) , whereas gellan gum-hyaluronic acid spongy-like hydrogels with embedded human adipose stem cells and microvascular ECs were developed to promote neovascularization and wound closure (Cerqueira et al., 2014) . Using a combination of two natural hydrogels, fibrinogen+thrombin and gelatin +transglutaminase, the quattroGel was developed by Aberle et al., and its structural and mechanical properties were optimized to promote cell adhesion even though the proliferation rates of several cell types, including ECs, were generally unaffected. Both neurons and ECs failed to extend neurites or create vascular tubes, respectively (Aberle et al., 2014) . That study provided a clear example of the possibilities offered by combining different materials to achieve properties that can be adjusted for specific applications. In particular, this approach could launch new avenues for optimizing new classes of materials suitable for the generation of 3D functional vascularized tissue constructs.
Different biomaterials could heavily impact the morphogenesis of capillary networks. The detailed analysis of the relationship between structural/mechanical properties of the matrix and cellular components would greatly advance our knowledge of vascular biology and lead to novel pro-angiogenic materials. The high-throughput nature of some current systems could play a critical role in this process.
Overall considerations
This section has provided a concise and simple review of the technical instruments engineers, biomaterial scientists and chemists have been continuously designing and optimizing to better mimic the structure and function of living tissues for both in vitro modeling and regenerative medicine applications. We would like to highlight that for most of the models discussed above, a specific combination of biomaterial and microfabrication techniques were employed. Only a few investigators characterized the biomaterial mechanical properties (Bertassoni, Cecconi, 2014 , Nichol, Koshy, 2010 or tested different matrix compositions (Miller, Stevens, 2012) to demonstrate the versatility of their systems. Carrion et al. analyzed a signaling mechanism between ECs and stromal cells during vascular network development (Carrion, Kong, 2013) , whereas Chen et al. showed matrix deposition within spherical cellular aggregates (Chen, Wei, 2013) . Nonetheless, only a limited number of these systems were actually employed to investigate vascular cell-matrix interactions as well as network morphogenesis and remodeling.
Biological Considerations for Generating Microvascular Systems
A broad range of biological stimuli affect the development of microvascular networks, including cell-cell interactions with supporting mural cells, cell-matrix interactions, biochemical cues from organ-specific microenvironments and mural cells, and biophysical stimuli (Fig. 5) .
EC-mural cell interactions
The maturation and stabilization of nascent blood vessels occurs due to the mutual interaction between ECs and supporting mural cells, such as smooth muscle cells, pericytes and fibroblasts (Jain, 2003) . Several molecular pathways are involved in the recruitment and differentiation of mural cells, including platelet derived growth factor (PDGF)-B, sphingosine 1-phosphate (S1P), angiopoietin-1(Ang-1), and transforming growth factor (TGF)-β. PDGF-B is secreted by ECs in response to VEGF and promotes mural cell proliferation and migration during microvasculature maturation (Hellstrom et al., 2001) . Signaling molecules involved with S1P secreted by ECs and mural cells play a critical role in both mural cell recruitment (Armulik, Abramsson, 2005) and EC interaction with surrounding mural cells through the expression of N-cadherins (Paik et al., 2004) . Mural cells are the main source of Ang-1, which reduces vessel permeability and promotes vessel stabilization through interaction with the EC Tie-2 receptor (Thurston et al., 1999 , Yancopoulos et al., 2000 . The role of angiopoietin-2 (Ang-2) remains unclear because it acts as a promoter of vascular sprouting in the presence of VEGF, yet it functions as an antagonist of Ang-1 and induces vessel regression in the absence of VEGF (Jain, 2003) . Jeon et al. used a 3D microfluidic model that demonstrated direct contact between ECs and bone marrow derived MSCs was critical for promoting MSC differentiation into a mural-like phenotype. The addition of Ang-1 significantly increased the expression of the mural marker α-SMA and induced partial pericyte differentiation (Jeon, Bersini, 2014) . In another study, Holnthoner et al. demonstrated that adipose derived stem cells (ASCs) can develop pericyte characteristics when the cells are cultured with ECs, and ASCs directly contribute to microvascular network formation and stabilization (Holnthoner et al., 2015 , Rohringer et al., 2014 . The role of TGF-β seems less clear because it had shown pro-or anti-angiogenic properties depending on the specific microenvironment and concentration. In addition, TGF-β is involved in several vascular processes, including mesenchymal cell differentiation towards a mural cell phenotype (Gohongi et al., 1999 , Pepper, 1997 . It was also shown that heparin-binding epidermal growth factor (HB-EGF) produced by EC was able to recruit smooth muscle cells via ErbB1 and ErbB2 receptors (Iivanainen et al., 2003) . Additionally, Ang-1 was reported to induce HB-EGF secretion by ECs and create a positive loop to promote pericyte migration . Other molecular pathways connected to pericyte recruitment include stromal-derived factor 1-a (SDF-1α)/C-X-C chemokine receptor type 4 (CXCR4) and sonic hedgehog (Shh)/Patched (Ptc) (Armulik, Genove, 2011) , whereas Notch 3 was associated with the regulation of mural cell recruitment through a mechanism involving Ang-2 (Jin et al., 2008 , Liu et al., 2010 . It is interesting to note that knocking down ephrin-B2 in mural cells resulted in poor association between ECs and smooth muscle cells/pericytes (Foo et al., 2006) . Different groups designed in vitro models to investigate mesenchymal cell differentiation into mural cells when co-cultured with ECs (Goerke, Plaha, 2012) or pericyte recruitment by means of EC secreted factors (Stratman et al., 2009 ). These models were used to develop a better understanding of how pericytes in the vessel basement membrane facilitate and integrate cell-cell communications through adherens, tight and gap junctions (Armulik, Abramsson, 2005) , and how they contribute to vessel stabilization and endothelial basement membrane deposition (Stratman, Malotte, 2009) . Pericytes covering capillaries, pre-capillary arterioles and post-capillary venules are characterized by peculiar morphologies and different ratios of ECs according to the specific tissues where they reside (Shepro and Morel, 1993, Sims, 1986) . Furthermore, pericytes were shown to differentiate into smooth muscle cells during vessel growth and remodeling (Nehls and Drenckhahn, 1993) . Impairment of either ECs or pericytes led to damage of other cell types (Armulik, Abramsson, 2005) , which demonstrated the critical interaction between these two cell populations for vascular homeostasis (Armulik, Abramsson, 2005 , Jain, 2003 .
3.1.1. Remarks-Different mural cell types can contribute to specific steps in vessel wall formation and remodeling, e.g., stabilization, branching and pruning through the secretion of cell-specific factors. Most importantly, the type of mural cell and endothelial-to-mural ratio modulate microvascular network features. As a result, the mural cell component should be carefully defined during the design of the system both in terms of biomaterial choice and microfabrication technique.
Cell-matrix interactions influencing microvascular network generation
3.2.1. Structural and mechanical properties of the matrix influence microvascular network development-Several studies demonstrated that ECs remodel the local microenvironment by generating bundles of ECM (2D assay) (Vernon, Lara, 1995) or producing sprouts between neighboring 3D spheroids (Korff and Augustin, 1999) . Researchers have also suggested that traction forces generated by ECs lead to local matrix remodeling, which assists with cell migration and microvascular network generation (Kniazeva, Weidling, 2012 , Korff and Augustin, 1999 , Lee, Yeh, 2009a . McLeod et al. used suspended ECs within collagen gels to show a significant retraction over time coupled with alignment/gathering of collagen fibers between adjacent ECs (Fig. 6A) (McLeod et al., 2013) .These fibers allowed the transmission of mechanical forces among neighboring cells by providing contact guidance for vascular network development. These experimental observations correlated with computational models that suggest extensive EC migration and network formation occur after matrix remodeling (Ma et al., 2013 , Reinhardt et al., 2013 , Utzinger et al., 2015 . Finite element models were used to simulate the contraction of 3D gels with specific boundary conditions and demonstrated that cell alignment was a consequence of the anisotropic deformation of the matrix (Underwood et al., 2014) .Overall, the experiments showed that microvascular network formation is related to microscopic and macroscopic changes within the collagen architecture. Force propagation, gathering of protein fibers and remodeling of the matrix are critical elements for microvascular network development, which explains why highly stiff materials or specific matrix microstructures do not allow interconnected microvasculatures to form. In general, increasing cell density promotes force generation and reduces cell-cell distances, which consequently contributes to improving the quality of the microvascular network (McLeod, Higgins, 2013) . Sieminski et al. compared the behavior of different EC types, such as human umbilical vein ECs, human microvascular ECs and human outgrowth ECs, in the formation of microvascular networks within collagen gels. They found superior network length and increased gel contraction in presence of outgrowth ECs. The superior performance of outgrowth ECs was attributed to their ability to produce higher forces that affect the formation of tubular structures (Sieminski et al., 2005) .
Rao et al. also investigated the correlation between mechanical properties of the matrix and microvascular network generation by testing multiple EC/MSC ratios and matrix compositions. The authors analyzed the correlation between microvascular network features and structural/mechanical properties of the matrix in depth and demonstrated an inverse correlation between gel stiffness and network formation. Moreover, the total network length was decreased by increasing the total protein concentration (Fig. 6B) or changing the degree of crosslinking of the matrix. Overall, despite gel composition modifications, both total protein concentration and the degree of crosslinking altered the generation of microvascular networks due to changes in matrix stiffness (Rao et al., 2012) . Remarkably, another study showed that the reduction in the formation of microvascular networks in presence of high matrix density was not due to increased stiffness of the matrix but due to reduced mass transport within the construct. EC coated microspheres were embedded within a fibrin gel and fibroblasts were seeded on top of the gel or within the matrix (Fig. 6C) . The matrix density impaired the diffusion of pro-angiogenic factors secreted by seeded fibroblasts on top of the gel, whereas co-cultured fibroblasts with ECs inhibited the effect of the increased matrix density (Ghajar, Chen, 2008) . These observations expand and complement the Rao et al. findings on the different key factors that affect the development of microvascular networks.
Molecular and cellular mechanisms of microvascular network
development in a 3D matrix-Investigation of the molecular and cellular mechanisms involved in the generation of microvascular networks was performed by Hanjaya-Putra et al.
Because ECs gradually break down ECM proteins using matrix metalloprotease (MMPs) (Kniazeva, Weidling, 2012 , Sacharidou et al., 2010 , the investigators created acrylated hyaluronic acid hydrogels with RGD sequences and peptide crosslinkers that can be enzymatically degraded by MMP-1 and MMP-2 to analyze vascular morphogenesis (Hanjaya-Putra, Bose, 2011). Another study showed vacuole and lumen formation were RGD-dose dependent (Montano et al., 2010 ). The results demonstrate the unique role of critical integrins, such as α v β 3 and α 5 β 1 , in lumen formation, while exhibiting no effects from integrin α 2 β 1 . This outcome is consistent with several other studies that demonstrated the importance of the former two integrins in lumen formation and matrix degradation/ invasion while showing that α 2 β 1 can act both as an activator of vascular processes as well as a stabilizer (Davis and Senger, 2005) . Sieminski et al. reported that only blocking α 2 β 1 and not α v β 3 impaired network formation in both outgrowth ECs and umbilical vein ECs (Sieminski, Hebbel, 2005) . For the expression of proteases, MMP-1 and MMP-2 were both discovered in close proximity of the cell membrane during sprouting, whereas the formation of vascular guidance tunnels was driven by the action of membrane-type (MT)-MMPs, such as MT1-MMP. Cells expressed hyaluronidase (Hyal)-2 and Hyal-3 coupled with MT1-MMP, MMP-1 and MMP-2 in the first three days of culture. Following the stabilization of vascular networks, ECs switched their secretion to tissue inhibitors of metalloproteinases (TIMPs), such as TIMP-1, TIMP-2 and TIMP-3 (Hanjaya-Putra, Bose, 2011). Using second harmonic generation and two-photon excited fluorescence, endothelial sprouting morphogenesis was analyzed in 3D collagen matrices (Lee, Yeh, 2009a) (Fig. 6D) . Increased collagen density was found among bifurcations points and around the perimeter of luminal structures, but not close to the sprouting tips. Blocking Rho-associated kinases, which are proteins related to alteration of cell morphology, cell migration and focal adhesion formation, proved that the generation of cell tensions increased collagen matrix alterations. Additionally, the investigators found that peripheral sprouts extended along fibrous collagen structures, which led them to speculate that angiogenic sprouts could exert tension and reorganize the matrix.
Remarks:
The mechanical properties of the local microenvironment are known to influence cell function and differentiation (Engler, Sen, 2006) . The dynamic interaction between the ECs and the ECM is often underestimated and can be critical during microvascular development because EC migration, elongation and assembly into tubular structures directly affect the matrix composition and mechanical properties (Sieminski, Hebbel, 2004) . Overall, a delicate balance between RGD sequence density, integrin activity, protease expression/secretion and kinase activity is important to regulate microvascular morphogenesis (Zaman et al., 2006) .
Effect of biochemical cues on the microvascular system
Several microfluidic platforms with embedded microvascular networks were employed to investigate biochemical factors affecting EC migration/activation and capillary sprouting. Researchers using microfluidic platforms generally rely on multiple gel microchambers to study cell-cell/cell-matrix interactions as well as cell migration under controlled biochemical conditions (Shin, Han, 2012) . Chung et al. investigated basic capillary growth from a confluent monolayer lining a gel microchamber under multiple conditions. They demonstrated that different cancer cell types could either attract or have minimal influence on ECs. Additionally, they noticed that ECs tend to sprout towards a VEGF gradient. This 3D microfluidic model represented one of the first clear examples of miniaturized systems paving the way for a more systematic approach to study complex heterotypic interactions involving ECs (Chung et al., 2009 ). In fact, subsequent studies analyzed the process of angiogenesis from a pre-existing EC monolayer under combined gradients of chemoattractant (VEGF) and stabilizing angiopoietin-1 (Ang-1) and revealed 3D cooperative migration among tip and stalk cells (Shin et al., 2011) . Collagen-patterned microfluidic vascular networks were developed to recapitulate vascular phenomena, including angiogenesis and thrombosis. The interaction between perivascular cells seeded within the collagen bulk and ECs was investigated and showed that pericytes can promote endothelial sprouting due to fibroblast growth factor (FGF) and VEGF secretion or induce retraction of the endothelium from the walls of the microchannels (Morgan et al., 2013 , Zheng et al., 2012 . Other studies addressed the role of specific molecules on the structural properties of the endothelium and quantified the effect of histamine, tumor necrosis factoralpha (TNF-α) or anti-VEGF treatment on vascular permeability. Both TNF-α and histamine treatment had a significant increase in vessel permeability . A novel angiogenesis model was designed by Nguyen et al. to study capillary sprouting by connecting a main endothelialized microchannel and a lateral microchannel as a source of growth factors. Several factors promoting angiogenesis, including VEGF, sphingosine-1-phosphate (S1P) and phorbol 12-myristate 13-acetate (PMA), were identified. The system was tested with anti-angiogenic drugs, including VEGFR2 and S1PR inhibitors, which reduced or even abrogated the total sprouting length by arresting cellular protrusion length and number. This result demonstrates that biochemical cues alone are capable of promoting sprouting angiogenesis but raises new questions about the role of fluid shear stress in the angiogenesis process (Nguyen et al., 2013) . This specific study also represents a clear example of how the design of system architecture is critical to analyze the role of complex 3D biochemical gradients in an environment similar to physiological conditions. Other studies have focused on the role of paracrine and juxtacrine signaling between ECs and supporting mural cells. Jeon et al. demonstrated that ECs co-cultured with human bone marrow-derived MSCs supplemented with VEGF and Ang-1 not only promoted an increase in total network length and branching, and reduced microvessel diameter compared to the EC monoculture but also strongly induced MSC differentiation toward a supporting murallike phenotype (Jeon, Bersini, 2014) (Fig. 1A) . Whisler et al. showed that S1P in combination with VEGF played a critical role in microvascular network development when ECs were cultured with human lung fibroblasts (no contact) (Whisler, Chen, 2013) .
3.3.1. Remarks-A wide range of growth factors have been identified to modulate microvascular network properties, and several studies showed that different concentrations and combinations of two or more of these factors can have unique effects on the microvascular network. System architecture and most suitable biomaterials should be carefully designed to analyze the role of complex 3D biochemical gradients in a physiological-like environment.
Effect of biophysical stimuli on the microvascular system
The influence of flow on sprouting angiogenesis has been a heavily researched topic in the field of vascular research. Basal to apical transendothelial flow but not the opposite flow was shown to induce vascular endothelial (VE)-cadherin delocalization and EC activation through focal adhesion kinase signaling, which led to angiogenic sprouting (Vickerman and Kamm, 2012) . Microfluidic models were developed to better investigate the combined role of shear stress, interstitial flow and biochemical gradients on sprouting angiogenesis (Song and Munn, 2011) . In addition to showing that VEGF induced sprouting, the results also demonstrated that shear stress blocked angiogenesis and flow-induced sprouting inhibition was mediated by nitric oxide (NO) synthesis. Additionally, ECs migration either moved against the interstitial flow direction (in the presence of positive VEGF gradients) or along the flow direction (in the presence of negative VEGF gradients). These results indicated that more filopodia were present when ECs were sprouting against the interstitial flow direction or along VEGF gradients. Conversely, sprouting along the flow direction or towards negative VEGF gradients resembled vessel dilation rather than angiogenic sprouting (Song and Mun, 2011) . In a similar study, Song et al. showed that ECs migrated and sprouted along the interstitial flow direction to generate anastomoses between sprouting vessels (Song, Bazou, 2012) . Galie et al. also showed through an experimental/computational approach that the sprouting angiogenesis process was directed by mechanical stimuli, such as shear stress, rather than chemical gradients or oxygen tensions (Galie et al., 2014) . Both intraluminal shear stress over the endothelium and transmural flow through the endothelium above a shear stress threshold triggered capillary sprouting and invasion of the surrounding ECM. Additionally, a wide panel of MMPs were analyzed, and various flow conditions induced MMP-1 expression. However, a continuous flow appeared to be essential to promote sustained MMP-1 expression and capillary sprouting. Remarkably, an apical to basal transmural flow induced sprouting angiogenesis. This observation confirms previous findings (Song, Bazou, 2012) even though the role of transmural flow is still controversial because other studies have demonstrated that basal to apical flow was required to promote sprouting angiogenesis Munn, 2011, Vickerman and . Other studies also highlighted the importance of a shear stress threshold in promoting angiogenesis for both transmural and intraluminal flow (Galie, Nguyen, 2014) , which contrasts previous studies demonstrating that luminal flow limits capillary sprouting (Chouinard-Pelletier, Jahnsen, 2013). Rather than focusing on angiogenic sprouting, several studies designed microfluidic platforms to investigate the effects of interstitial flow on the de novo generation of microvascular networks. Co-cultures of endothelial progenitor cells and fibroblasts were maintained for up to 40 days. Because paracrine factors secreted by co-cultured fibroblasts promoted the generation of microvascular networks when coupled with interstitial flow stimulation, no growth factors (VEGF or bFGF) were externally supplemented during the culture. In this approach, only supra-physiological interstitial flow conditions determined anastomosis between microvascular networks embedded within fibrin gel-filled microchambers and lateral microfluidic channels (Hsu et al., 2013a , Hsu et al., 2013b , Moya, Hsu, 2013 . Several justifications were provided to describe this particular behavior, including superior mass transport of nutrients towards cells. In addition, interstitial flow was demonstrated to induce matrix anisotropy while matrix alignment was previously shown to guide capillary sprouting (Morin and Tranquillo, 2011, Ng et al., 2004) . Using this system architecture could allow the researchers to monitor the dynamic remodeling of the matrix due to interstitial flow. The same researchergroup recently reported a novel microfluidic model that mimicked the transport phenomena from artery to vascularized tissue and then to vein through the anastomosis between microvessels and endothelialized microchannels (Wang et al., 2015) . This system can potentially provide useful insights on the biophysical cues driving capillary sprouting and anastomosis within formed microvascular networks.
3.4.1. Remarks-The role of biophysical stimuli is less studied compared to other biological factors affecting microvascular network formation. Recently designed microfluidic platforms allow for fine control of the flow even though there is still not a widely accepted theory of flow effects. Once flow parameters affecting microvascular network development are identified, other key factors, such as mural cells, should be introduced to study the combinatorial effects of multiple biological factors.
Overall considerations
In the past decade, considerable research has been focused on biochemical cues, such as growth factors and cytokines, as well as biophysical stimuli, such as fluid shear stress and interstitial flow, as driving forces for angiogenesis and vasculogenesis processes. The effects of biochemical cues go beyond the effects of VEGF or other molecules secreted by supporting mural cells because recent advances have clearly demonstrated that organspecific microenvironmental cues influence not only the physical parameters of a vascular network, e.g., branching and length but also endothelium gene expression (Nolan et al., 2013) . In addition, it is evident that structural and mechanical properties of the ECM and dynamic remodeling of the ECM by perivascular cells, such as pericytes, contribute to vascular morphogenesis, maturation and stabilization. Microfluidic models could provide valuable insights in the analysis of bi-directional dynamic interactions between ECs and the surrounding 3D extracellular matrix, and these models would enhance our understanding of the role of supporting mural cells. These models could be developed by combining highly controlled biophysical and biochemical cues, adjustable matrix composition properties and real-time high resolution microscopy techniques. However, macroscale systems are not affected by size limitations and allow researchers to reproduce biological events occurring in thicker tissues, such as oxygen diffusion. This approach can potentially complement microfluidic data through the quantification of protein and gene expression, which is generally challenging within microsystems. In summary, biochemical/ biophysical cues, cell-cell and cell-matrix interactions, and microenvironment cues synergistically modulate the properties of engineered microvascular networks. The system architecture should be carefully defined according to the specific interaction that needs to be investigated. While an endothelialized tubular structure could be sufficient to study the influence of mural cells on vessel contraction/dilation, a bioprinting approach would be essential to precisely locate different cell types within a 3D matrix. Finally, optimal biomaterial and the most suitable system in terms of imaging and long-term stability should be selected to study matrix remodeling and protein deposition by mural cells.
Biological Applications
This final section will provide examples of biological applications to microvascular systems, both in vitro and in vivo, to demonstrate how the presence of a functional endothelium can promote the development of in vitro models to mimic physiological conditions and improve the outcome of implanted tissue constructs (Fig. 7) .
In vitro models
Sucrose-glucose-dextran carbohydrate sacrificial templates designed by Miller et al. were employed to develop endothelialized microchannels embedded within a hepatocyte-laden 3D matrix. Albumin secretion and urea synthesis appeared to be significantly higher compared to the slab gels without perfused microchannels, which reflected the key role of microvasculature in delivering oxygen and nutrients to the thick tissue construct. The architecture of this system was based on a complex sacrificial template, which led to the generation of an immediately perfusable network of endothelialized microchannels that nourished a high number of embedded hepatocytes. Taking different approaches would have caused specific problems. For example, a vasculogenesis-based approach would not have allowed researchers to quickly generate perfusable microvessels with factors related to the survival of embedded cells. The use of sacrificial fibers instead of carbohydrates would not allow investigators to create complex and interconnected microchannels at the millimeterscale. A further extension of this study could include a characterization of potential differences in EC adhesion/proliferation as well as an analysis of matrix degradation and EC protease secretion in these 3D matrices using various compositions and stiffness properties. Other studies developed endothelialized microchannels through 3D printing of agarose fiber templates. Mouse pre-osteoblast cell lines embedded within GelMA matrices were grown on sacrificial fibers that were removed to create hollow channels (Fig. 3C ). An alkaline phosphatase assay was used to demonstrate superior viability and osteogenic differentiation of these cells compared to control hydrogels without microchannels (Bertassoni, Cecconi, 2014) . The investigators also considered different photopolymerizable materials with acrylate or methacrylate groups that had a wide range of hydrogel concentrations. This approach represents a valuable alternative to the use of sacrificial templates because it prevents potential osmotic damage to the cells from template dissolution. However, the extraction of the fibers could damage the surrounding gel and would require materials with the proper mechanical properties. Putnam et al. employed EC-coated microspheres to investigate the role of MSCs expressing α 6 β 1 integrin in EC angiogenic sprouting within 3D fibrin gels containing embedded MSCs. They found that blocking α 6 β 1 integrin not only inhibited EC sprouting but also limited MSC proliferation, laminin deposition and alpha SMA expression. Surprisingly, no effects were detected when α 6 β 1 knockout MSCs were cultured as a monolayer on top of a 3D fibrin gel loaded with EC-coated microbeads. These results imply that α 6 β 1 integrin plays a key role in promoting EC sprouting when ECs reside in close proximity with MSCs without significantly affecting their paracrine secretion of pro-angiogenic molecules (Carrion, Kong, 2013) . Based on these promising findings, it would be interesting to highlight potential changes in EC/MSC behavior by using different matrix concentrations or compositions. In fact, different ECM proteins could activate alternative integrin pathways without inhibiting EC sprouting. This approach was employed by Putnam et al. to investigate the role of integrins during angiogenesis through a simple but effective strategy that did not require special equipment, e.g., a bioprinter, microfluidic technologies or other complex experimental procedures. One of the advantages of microfluidic models is the ability to precisely control different stimuli, including biophysical cues. With this control, several microfluidic models were developed to investigate biological phenomena occurring at the microscale in the presence of a functional endothelium, which cannot be effectively quantified within traditional microfabricated systems . Microvascular networks were generated within microfluidic systems through vasculogenesis/angiogenesis-based techniques that showed cytoskeleton rearrangements with actin re-distribution and NO synthesis under flow conditions. Moreover, intercellular cell adhesion molecules (ICAMs)-1 were detected when microvascular networks were treated with inflammatory cytokines . In another study, a microfluidic model was developed to analyze the adhesion of cancer cells on a monolayer of microvascular ECs under physiological flow conditions (Song, Cavnar, 2009) . In addition to the pivotal role of CXCL12 in cancer cell migration, the researchers found this chemokine could also promote breast cancer cell adhesion in the endothelium (Song, Cavnar, 2009 ).
Microfluidic models allow for fine tuning of biochemical cues within microenvironment through the development of complex gradients or controlled paracrine secretions from compartmentalized cell populations. In a recent study, interconnected hollow microchannels were created through the so-called viscous finger patterning technique to study the single and combined effects of growth factors and paracrine secretion in smooth muscle cells. First, a pre-polymerized hydrogel solution was pipetted into each microchannel. Next, culture media was added to the hydrogel solution through surface tension-based passive pumping. Following polymerization, a patterned lumen was developed in the hydrogel (Bischel et al., 2013) . One of the advantages of this technique was that ECs lining the channel wall were completely surrounded by the ECM and were not exposed to the presence of other materials, such as PDMS. Additionally, most microfluidic devices are based on the endothelialization of glass or PDMS surfaces, which do not mimic the physiological ECM. Microfluidic vascular models can also be used to study cancer biology. For example, Bersini et al.
developed organ-specific endothelialized microchannels that mimic a bone tissue microenvironment. They demonstrated that endothelial permeability can be modified due to the presence of cancer cells (Bersini, Jeon, 2014a) . A similar platform was employed to quantify the effects of specific drugson morphological changes of EC, cell-cell junctions and EC angiogenic properties (Kim, Kasuya, 2014) .
Although current microvascular systems have shown beneficial properties, the next generation of microvascular systems within organ-specific tissues will provide significant advantages for analyzing the structural and functional properties of organ-specific endothelia. These systems will be embedded within more complex microenvironments for the study of vascular-related phenomena, such as cancer metastases.
In vivo implantation
Cell spheroids are commonly used as building blocks in modular assembly strategies. In a recent study, spherical cell aggregates containing ECs and MSCs were seeded on Matrigel surfaces and their behavior was compared to dissociated ECs/MSCs. Cell spheroids showed an increased and sustained ability to generate tubular structures stabilized by smooth muscle cell-like differentiated MSCs. The study showed the deposition of multiple ECM proteins, including collagen I-III, laminin and fibronectin, and demonstrated that vascular cells gradually create and tune the surrounding microenvironment. Interestingly, transplantation in a mouse model of hindlimb ischemia demonstrated superior reperfusion of the injured site compared to control animals treated with dissociated ECs/MSCs or saline. They also found perfusable von Willebrand factor positive capillaries and smooth muscle actin (SMA) positive arterioles within the injured limb, which provided strong evidence of a functional connection between host cells and in vitro generated cell aggregates. Nevertheless, the study failed to clarify if the SMA signal was due to host or transplanted cells, and there was no indication of the dynamic remodeling of the matrix structure during network development. Overall, this study clearly demonstrated the possibility of rescuing damaged tissues from degeneration following ischemia (Chen, Wei, 2013 , Lee, Tsai, 2011 . In a different study conducted by Chen et al., the researchers showed the effect of multiple degrees of methacryloyl modification in 5% GelMA hydrogels encapsulated with ECs and MSCs on the generation of perfusable microvasculatures. They analyzed several structural parameters of the network, such as total length, average capillary length, number of branches and number of branch points. Additionally, they implanted acellular hydrogels into nude mice and analyzed their behavior post-implantation (Fig. 8A) . Tissue constructs did not generate a significant inflammatory response compared to control collagen group and were still present post-implantation. Murine erythrocytes were detected within human CD31+ vessels, which demonstrated functional anastomoses between host circulation and implanted constructs. Overall, the degree of methacryloyl modification influenced vessel number, distribution and size. Hydrogels with a lower crosslinking degree appeared to show improved performance over highly crosslinked constructs (Chen, Lin, 2012) . Both cell spheroids and cell-laden GelMA hydrogels demonstrated successful anastomosis with the host vasculature and perfusable vessel development. However, other microfabrication approaches could be necessary to create highly oriented and perfusable capillaries. Microtissue molding allowed researchers to develop aligned cords with embedded ECs and study in vivo remodeling.
Stable capillaries were found at early time points while mature vessels surrounded by alpha SMA+ cells were detected a few weeks post-implantation. Chimeric structures containing both human and murine cells were clearly observed, which demonstrated integration with the host vasculature (Fig. 8B) . Moreover, human hepatocyte aggregates were implanted within tissue constructs containing aligned cords and compared with tissues characterized by randomly organized ECs. Increased metabolic activity of implanted hepatocytes was detected by measuring albumin secretion with geometrically aligned endothelial cords. These findings proved the efficacy of a specific pre-vascularization technique for the generation of engineered hepatic tissues. The generation of cell spheroids or cell-laden hydrogels would not have provided a sufficient level of vessel orientation and hepatic tissue maturation. As discussed by Baranski et al., modulating vessel distribution and tissue perfusion is critical for improving tissue integration . Highly aligned vascular structures were also developed through the polyelectrolyte complexation technique and employed to design pre-vascularized adipose and hepatic tissues. Following co-culture of hepatocyte precursor cells derived from human embryonic stem cells and ECs, tissue constructs were implanted into the livers of severe combined immunodeficiency (SCID) mice (Fig. 8C) . Immunofluorescence images showed the presence of albuminpositive human hepatocytes surrounded by human CD31+ ECs, which was a clear indication of tissue construct survival and integration within the host (Leong, Toh, 2013 , Wan, Yim, 2004 .
Finally, layer-by-layer deposition techniques led to the development of a multi-layer vascular graft containing cardiac cells and ECs, which was successfully implanted in mice through anastomoses within the carotid artery and the jugular vein (Fig. 8D ). Vascularized grafts with anastomoses maintained vascular structures and heartbeat activity for two weeks after the procedure compared to tissue constructs that were not anastomosed within the host vasculature or simple cell sheets without any connection to a vascular bed (Sekine, Shimizu, 2013) . Overall, these results demonstrated that a critical level of pre-vascularization coupled with surgical anastomosis within the host circulatory system could significantly improve viability, functionality and integration of the implant. The main limitation was that the approach requires the presence of a vascular bed obtained from femoral tissue resection and prolonged perfusion in a bioreactor to promote maturation of the tissue.
Conclusions and Future Perspectives
This review highlights the integration of materials science, microengineering and biology for the design, development and analysis of microvascular systems. In recent years, significant advances have been made through the optimization of original microfabrication techniques and the development of new synthetic and hybrid hydrogels. Microfluidic technologies have progressed and facilitate analysis of multiple biological processes occurring at the microscale under biochemically and biophysically controlled microenvironments. Most of these phenomena involve the presence of a functional endothelium. A full understanding of the cellular and molecular mechanisms underlying microvasculature morphogenesis and homeostasis is necessary to develop vascularized tissue constructs, design vascular disease models or organ-on-a-chip platforms. However, despite our vast knowledge of the biochemical cues driving vascular morphogenesis, study of the interactions between vascular cells and surrounding 3D matrix and perivascular cells is a field that has plenty of room for additional research and development. Consequently, researchers envision that the wide set of current microvascular system architectures will be used to better clarify the influence of physical factors on microvessel growth and remodeling and to potentially analyze their specific roles with respect to biochemical cues. Overall, biological interactions, such as biophysical stimuli and organ-specific microenvironments, as well as biomaterial selection and microfabrication technique are equally critical to adjusting microvascular network features.
Functional and perfusable microvascular networks can be applied to the field of cancer biology because most of the events occurring in the metastatic cascade involve the presence of a microvascular system. Cancer cells must cross the endothelial barrier to spread from a primary tumor, survive in the circulation and finally extravasate to colonize a distant organ. At the same time, the study of the immune response would greatly benefit from the use of physiological microvascular networks, such as analysis of leukocyte extravasation or macrophage interaction within the endothelium. In addition, functional endothelia will be critical to model mass transport and pharmacokinetics phenomena, whereas the integration of microvascular networks into organ-on-a-chip platforms would contribute to the development of more realistic models in the field of developmental biology. This development would enable further investigation of the heterotypic interaction between ECs and organ-specific cell types, which are critical for promoting tissue growth and homeostasis. Using induced pluripotent stem cells (iPSCs) would also be fundamental for developing patient-specific models for both diagnosis and prognosis (Kusuma et al., 2013 , Samuel et al., 2013 . These models could be utilized to identify disease-specific biomarkers, such as molecular signatures or cellular behaviors that lead to cancer metastases in specific organs, or to design and optimize highly tailored personalized therapies, such as testing various combinations of drugs at particular ratios and concentrations within a microenvironment recreated using patient specific cells.
The endothelium does not represent a mere wall separating blood and tissues, but it is critical for mediating a wide range of pathophysiological processes within the body. The goal of the next generation of models is to recreate this intrinsic dynamic nature.
Highlights

•
Generating functional microvascular networks is critical for both tissue engineering and in vitro modeling microcarrier beads (i and iii, red) were cultured in fibrin gels containing bone marrow MSCs (ii and iv, green) and the sprouting process was imaged at day 3 (i and ii) and day 7 (iii and iv). Reproduced from Carrion et al. (2013) by permission of Elsevier. Biological cues driving microvascular network morphogenesis, stabilization and remodeling. These ones include biochemical stimuli from organ-specific microenvironments, biophysical stimuli, cell-matrix interactions and cell-cell interactions with supporting mural cells. Biological applications. Microvascular networks as building blocks for the development of vascularized tissues/organs including heart, liver and bone. In vivo applications. A) 1M and 10 M GelMA hydrogels with embedded human endothelial colony forming cells and mesenchymal stem cells were in vitro pre-cultured for 24 h and implanted in mice. Collagen gels were used as controls. Hematoxylin&eosin (H&E) staining revealed the presence of blood vessels containing mouse erythrocytes (yellow arrowheads) within collagen (i), 1M GelMA (ii) and 10 M GelMA (iii). Explants are shown in the insets. Human CD31 staining (iv, v, vi) highlights the presence of human capillaries (red arrowheads) while murine vessels are not stained (green arrowheads). 110:7586-91 (Baranski et al. (2013) ). C) Hydrogels obtained with interfacial polyelectrolyte complexation anastomosed with the host vasculature after 14 days, as demonstrated by dextran rhodamine (Dex-Rho) injection (i and ii, red). Green: human vWF (i) and human nuclei (ii). H&E (iii) and immunofluorescent
